The nucleus pulposus (NP) of intervertebral discs (IVD) undergoes dramatic changes with aging including loss of its gelatinous structure and large, vacuolated notochordal cells (NCs) in favor of a matrix-rich structure populated by small NP cells (sNPCs). NP maturation also involves a loading-pattern shift from pressurization to matrix deformations, and these events are thought to predispose to degeneration. Little is known of the triggering events and cellular alterations involved with NP maturation, which remains a fundamental open spinal mechanobiology question. A mouse IVD organ culture model was used to test the hypotheses that hyperosmotic overloading will induce NP maturation with transition of NCs to sNPCs while also increasing matrix accumulation and altering osmoregulatory and mechanotransductive proteins. Results indicated that static hyperosmolarity, as might occur during growth, caused maturation of NCs to sNPCs and involved a cellular differentiation process since known NC markers (cytokeratin-8, -19, and sonic hedgehog) persisted without increased cell apoptosis. Osmosensitive channels Aquaporin 3 (Aqp3) and transient receptor potential vanilloid-4 (TRPV4) expression were both modified with altered osmolarity, but increased Aqp3 with hyperosmolarity was associated with NC to sNPC differentiation. NC to sNPC differentiation was accompanied by a shift in cellular mechanotransduction proteins with decreased N-cadherin adhesions and increased Connexin 43 connexons. We conclude that hyperosmotic overloading can promote NC differentiation into sNPCs. This study identified osmolarity as a triggering mechanism for notochordal cell differentiation with associated shifts in osmoregulatory and mechanotransductive proteins that are likely to play important roles in intervertebral disc aging. ß
Low back pain is the leading cause of global disability and is commonly associated with intervertebral disc (IVD) degeneration. 1, 2 The transition of the nucleus pulposus (NP) from a gelatinous structure populated with large vacuolated notochordal cells (NCs) to a more fibrous matrix-rich structure populated with small NP cells (sNPCs) is among the earliest changes in human IVDs. 3, 4 The young, healthy NP mainly contains a continuous and rich network of large, vacuolated NCs with little extracellular matrix material, 5 with lineage tracing studies indicating that these cells are remnants of the embryonic notochord. 6, 7 The mature NP is predominantly comprised of small, nonvacuolated sNPCs 4, 8 that exist as discrete cells or cell clusters surrounded by a denser matrix. 5 The loss of NCs has long been thought to predispose the IVD to degeneration since it was observed that chondrodystrophic dogs (which lose NCs early in life) are afflicted by age-related IVD degeneration while nonchondrodystrophic dogs (which retain their NCs) rarely develop IVD degeneration. 4, 9 There is relatively little known of the mechanobiological triggering mechanisms involved in this transition from NC-rich NP with gelatinous structure to a sNPC-rich NP with denser matrix. While the physicochemical causes for NC to sNPC transition are unknown, reduced nutrient supply and mechanical overloading are implicated. [10] [11] [12] Mechanical loading remains a more likely candidate since porcine NP explants and rabbit IVDs with ample nutrient supply underwent NC to sNPC transition with glycosaminoglycan (GAG) accumulation following exposure to high magnitudes of hydrostatic pressure or mechanical compression. 11, 12 Osmotic loading is likely to be important in NC to sNPC transition since osmolarity is altered under both mechanical overloading conditions and from GAG accumulation. NP cells experience varying osmotic conditions as loading changes during diurnal cycles, exercise, and aging. Altered IVD osmolarity in mature human, bovine, and rabbit IVDs and IVD cells also induced temporal changes in matrix molecule gene expression and affected the cellular response to mechanical stimuli. 13, 14 Additionally, nuclear transcription factor tonicity enhancer-binding protein (TonEBP), an essential osmoregulatory factor, is expressed in IVD cells further suggesting osmosensitivity of NP cells. 15 While osmolarity can influence NP cell behavior, it is unknown if alterations in osmolarity can induce a transition of NCs to sNPCs, and whether this transition can affect osmoregulatory proteins and cell communication patterns.
Osmotically regulated proteins likely to be important in the IVD include calcium channel transient receptor potential vanilloid-4 (TRPV4) and water channels Aquaporins 1 and 3 (Aqps1 and 3). TRPV4 is a nonselective calcium- (Ca 2þ ) permeable ion channel that triggers K þ and Cl À channel activation and Ca 2þ -dependent Ca 2þ release from intracellular stores. TRPV4 has been postulated as the osmosensor, playing a significant role in the cell volume regulation since it is expressed in tissues that experience large shifts in osmolarity like the kidney, cochlea, skin, and brain. 16, 17 TRPV4 activation has also been associated with upregulation of metabolic processes and the suppression of catabolic processes in chondrocytes. 18, 19 suggesting that TRPV4 could play an important role in NP cell differentiation. Aqps are a family of osmosensitive transmembrane proteins ubiquitously expressed throughout the body, including the IVD, and can control intracellular water equilibrium and cell volume under hyperosmolar and hypoosmolar conditions by selectively shuttling water and certain solutes in and out of cells. [20] [21] [22] Aqps1 and 3 expressions have been shown to decrease with IVD degeneration and aging. [23] [24] [25] The loss of the juvenile NC phenotype was recently reported to involve a loss of N-cadherin expression (N-cad), 26, 27 suggesting that mechanotransduction by direct cell-to-cell connectivity is an essential feature in the NC phenotype. NCs also stain positively for the transmembrane protein Connexin-43 (Cx-43), 27, 28 indicating that mechanotransduction and intercellular communication via functional gap junctions is an important functional phenotype of NC cells.
The purpose of this study was to investigate osmosensitive processes involved in the maturation of the NP and transition of NCs to sNPCs. Identifying the triggering mechanisms of NP cell maturation and the associated regulatory mechanisms will add to the fundamental understanding of IVD biology and may reveal therapeutic targets to slow IVD aging or prevent degeneration. A mouse IVD organ culture model was used to investigate how osmotic conditions and durations affected: (i) NC to sNPC transition; (ii) NP matrix content; (iii) NC markers and apoptosis; (iv) osmosensitive protein expression for TRPV4, Aqps1 & 3; and 5) mechanotransduction protein expression of N-cad and Cx-43. Hypothesis one was that excessive hyperosmotic conditions would result in NC to sNPC differentiation with reduced cell size and sustained NC marker expression without increased apoptosis. Hypothesis two was that NC to sNPC differentiation would be associated with alterations in osmosensitive protein expression for TRPV4, Apqs1 and 3. Hypothesis three was that osmolarity-dependent NC to sNPC differentiation would also involve altered mechanotransduction mechanisms with a loss of N-cad expression and an increase in Cx-43 expression. A juvenile human IVD was analyzed histologically to aid in contextualization of mouse studies to the human condition.
MATERIALS AND METHODS

Ethical Statement
Tissue samples were obtained via an Institutional Animal Care and Use Committee approved protocol. Mouse-tail IVD organ culture specimens did not require use of live animal testing.
Subjects and Tissue Collection
A total of 96 caudal vertebra-IVD-vertebra motion segments from 16 normally developing and healthy 12-week-old female C57BL/6 mice were dissected and cultured for a 14-day osmotic loading organ culture experiment (Fig. 1) . Vertebra-IVD-vertebra segments (i.e., six IVD units caudal 2-3 through caudal 7-8) were dissected within 10 min of death, immediately sterilized, and randomly placed in isosmotic media (330mOsm/L) for a 3-day stabilization period before being subjected to multiple osmotic loading conditions for an 11-day osmotic application period. Motion segments were cultured under free swelling conditions without mechanical loading.
Organ Culture Model
The organ culture system consisted of a 48-well plate incubated at 37C˚with 5% CO 2 , and 21% O 2 . 21% O 2 was used to provide NP cells with ample O 2 to avoid confounding the effects of media osmolarity with hypoxia during culture since NCs are known to consume more O 2 than sNPCs 10 and since O 2 levels in IVD tissues are known to be substantially lower than levels in the media (or vasculature) while in organ culture. Two control groups included a naïve control harvested prior to the start of the culture experiment (Control-Day 0, n ¼ 8 IVDs), and a time-matched control cultured in isoosmolar conditions for 14-days (Control-Day 14, n ¼ 8 IVDs) (Fig.  1) . All other motion segments were stabilized for 3 days in isoosmolar control media (DMEM þ F-12 K (50:50), 10% FBS, 1% pen-strep, and 0.2% AA; 330 mOsm/l), and then cultured for another 11-days under hypoosmotic (Hypo, 130 mOsm/l) or hyperosmotic (Hyper, 530 mOsm/l) conditions using three different durations: Cyclic (10 min on and off for 1.5 h/day, Hyper-Cyclic, and Hypo-Cyclic, n ¼ 8-12 IVDs/group), Burst (1.5 h/day, Hyper-Burst and Hypo-Burst, n ¼ 8-12 IVDs/ group), and Static (24 h/day, Hyper-Static, and Hypo-Static, Figure 1 . Study design. Caudal IVD motion segments from 12-week-old mice were harvested and used for a 14-day organ culture experiment assessing the effects of osmolarity on the NP phenotype. An initial 3-day stabilization step was implemented for all samples to reach a steady-state condition after dissection, ensuring equal initial conditions. The following 11-day osmotic application step involved two osmolarity conditions: Hyperosmolarity (Hyper) and hypoosmolarity (Hypo); and three durations: Cyclic, Burst, and Static. Day 0 (Control-Day 0) and time-matched (Control-Day 14) controls were used. Culturing conditions included daily media changes for similar nutrition levels per group.
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n ¼ 8-12 IVDs/group) for a total of 14 days in culture (Fig. 1) . Media were quickly changed using pipets; static media were also changed daily to ensure nutrient conservation between groups and to account for any effect of perturbing the motion segments with the pipet. Hypoosmolar media was generated by dilution of isoosmolar media with sterile deionized water. Hyperosmolar media was generated by the addition of sucrose (S6-500, Fisher Scientific, PA) to the hyposmolar media, allowing for nutrient conservation between groups. Media osmolality was assessed by freezing point osmometry and converted to osmolarity for further analysis.
Histology and Immunohistochemistry
After culture, vertebra-IVD-vertebra segments were fixed in buffered zinc formalin, decalcified in buffered formic acid, and embedded in paraffin wax. 5 mm thick sections were cut (RM2165, Leica Biosystems, IL) and stained with hematoxylin and eosin (H&E) for assessment of cell morphology and Saf-O/LG for assessment of GAG and COL content. An 8-month-old human L4/5 IVD section was also stained with Saf-O/LG to compare morphology between human and mouse. Separate experimental mouse sections were treated with Proteinase-K for antigen retrieval (S3020, Agilent, CA) then immunostained with TRPV4 (1:500, ab39260, Abcam, MA), Aqp1 (1:500, ab9566, Abcam), and Aqp3 (1 ug/ml, ab125219, Abcam) primary antibodies. Sections undergoing the largest differences (Hyper-Static, Hypo-Static groups, and both controls) were further evaluated with immunostaining for notochordal markers and mechanotransduction proteins. Notochordal makers included cytokeratin 8 (Ck8 Immunostaining protocols used positive control tissue for adequate protein expression. The omission of the primary antibody was used as a negative control, and toluidine blue was used as a counterstain.
Imaging, and Matrix and Protein Expression Quantification
Mosaic images of the whole NP were captured at 40Â magnification, with identical brightness intensity and exposure times, using a computerized upright bright-field microscope (ImagerZ1, Zeiss, Germany). Image analysis was performed using a custom ImageJ macro implementing the Univectorselection and Color Deconvolution plugin functions (V1.5, NIH, USA) to assess matrix composition and expression levels of Saf-O/LG and all antibodies. Precise color channel absorption vectors were determined from singlecolored stain sections. The deconvolution vectors representing the colors of interest were imported into Cell Profiler software (V2.1.1, NIH, NSF, and Broad Institute, USA) for automated analysis. A custom pipe-line was implemented in Cell Profiler, which segmented, cleaned, and then quantified mean intensity levels of each stain.
NP Maturation, NC to sNPC Transition Scale and Matrix Content
A semi-quantitative grading scale from 1 to 5 was developed to define the relative proportion of NCs and sNPCs, with 1 representing all sNPC and 5 representing all NC cells (Supplemental Fig. S1 ). H&E, and Safranin-O/Light Green stains were used to characterize NC to sNPC transition by assessment of cell morphology and matrix characteristics. NCs are large, vacuolated cells with continuous cell-cell connectivity. sNPCs are small cells without vacuoles surrounded by matrix in discrete form or cell clusters. 4, 5, 9, 29 NP tissue that was predominantly cellular with low matrix material was indicative of NC phenotype while substantial matrix accumulation was more indicative of sNPC phenotype.
Apoptosis and Characterization of Notochordal Cell Lineage
To identify whether NCs and sNPCs were derived from similar notochord lineage, sections were stained with notochordal markers Ck8, Ck19, and Shh. Expression of NC markers was evaluated qualitatively for Hypo-Static and Hyper-Static groups which exhibited largest effects, and for both control groups. TUNEL assay (DeadEnd, TB235, Promega, Madison, WI) was also performed to evaluate apoptosis across groups. Positive control sections were created using DNase enzyme to adequately assess presence of apoptosis by DNA fragmentation. Fluorescein intensity (marker of DNA fragmentation level) above 20% of positive control intensity indicated apoptosis on the experimental groups. Continuous expression of NC markers Ck8, Ck19, and Shh in sNPC without evidence for apoptosis was considered as preservation of the NC lineage.
Statistics
Gaussian distribution was assessed via a D'AgostinoPearson omnibus normality test (Prism6, GraphPad, CA). A Two-way ANOVA with p < 0.05 was used to assess the effects of duration and condition with possible interactions. For mechanotransduction proteins, One-way ANOVA was used. Tukey post-hoc test was used to assess individual variances against na€ve Control-Day 0 (baseline) and Control-Day 14 (time-matched culture control).
Correlations and Regressions
To identify the most significant and influential matrix and osmosensitive markers defining NC to sNPC transition, a quadratic step-wise regression analysis was used based on variance criteria (inclusion p < 0.05 and exclusion p > 0.05) using Matlab software (R2015a, Mathworks, MA). Linear correlations were then assessed via the least-square method to identify possible associations of NC to sNPC transition with matrix content (GAG and COL stain intensity), osmosensitive markers expression (TRPV4 and Aqps1 and 3) and mechanotransduction proteins (N-cad and Cx-43), while considering the combined effects of both condition and duration, and individual effects of condition or duration (Prism 6, GraphPad, CA). Assessment of condition or duration was accomplished by averaging the effects of one variable while keeping the other constant. form discrete cells and cell-clusters; Fig. 2A and C, and Supplemental Fig. S2 ) and was similar morphologically to the juvenile human NP (Fig. 2D) . Two-way ANOVA analysis indicated that interactions between duration and conditions were significant sources of variation for NC to sNPC transition (p ¼ 0.03). HyperStatic and Hyper-Burst conditions increased GAG content, while GAG stain intensity was unchanged from baseline in all other conditions (Fig. 2B) . The NP matrix content (GAG and COL) did not change due to culture conditions (p > 0.05, Control-Day 0 and 14), and COL stain intensity was not affected by changes to osmolarity condition or duration (data not shown). Two-way ANOVA analysis indicated that condition, and not duration, was a significant source of variation for GAG content (p < 0.001) without significant interactions (p > 0.05). Accordingly, the Hyper-Static group induced NC to sNPC transition (p < 0.05, compared to Control-Day 0, Fig. 2A and Supplemental Fig. S1 ) while all other groups maintained predominantly NC characteristics similar to both control groups (p > 0.05, against Control-Day 0 and against Control- Day 14) . Linear correlations indicate that GAG stain intensity was moderately related to NC to sNPC transition when considering the combined effects of condition and duration (Table 1 , R 2 ¼ 0.43; p ¼ 0.08). Similarly, step-wise regression analysis indicated that GAG alone was the most and only significant factor associated with NC to sNPC transition (Table 1 , p < 0.05).
Osmolarity-Dependent Differentiation and Apoptosis
All three measured notochordal markers (Ck8, Ck19, and Shh) were expressed in both Hyper-Static and Hypo-Static groups and in both Controls, indicating preservation of notochordal lineage (Fig. 3) . Additionally, there was no evidence for increased apoptosis compared to baseline with TUNEL staining in any of the groups (Supplemental Fig. S3 ).
Osmolarity-Dependent Expression of TRPV4 and Aqps1 and 3 TRPV4 expression was maintained in all conditions and durations except for the Hyper-Cyclic group (Fig. 4A ) where a significant reduction was found. Two-way ANOVA analysis indicated that condition and duration were significant sources of variation (p < 0.05) without significant interaction present between variables (p > 0.05). Aqp1 expression did not change with osmolarity condition or duration (Fig. 4B) . Two-way ANOVA analysis indicated that neither condition nor duration were significant sources of variation for Aqp1 expression (p > 0.05) with non-significant interactions between variables (p > 0.05). On the other hand, Aqp3 expression was significantly increased in hyperosmolar conditions but maintained in hypoosmolar conditions, independent of duration. Moreover, Aqp3 decreased in Cyclic 
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groups independent of condition (Fig. 4C) . Two-way ANOVA analysis indicated that both condition and duration were significant sources of variation (p < 0.004) with significant interactions between both variables (p < 0.001). Linear regressions did not identify any significant associations between osmosensitive proteins and NC to sNPC transition (Table 2 ). However, step-wise regression analysis identified Aqp3 to be the most and only significant factor defining NC to sNPC transition (p < 0.05). Further analysis indicated that Apq3 influence on cell phenotype was mainly driven by osmolarity condition and not duration ( Table 2 , R 2 ¼ 0.84; p < 0.05) indicating the importance of overloading NC to sNPC transition. Linear regression and step-wise regression analysis indicated that GAG and COL expression were not significantly associated with osmosensitive proteins when considering any condition and duration (Table 3) .
Osmolarity-Dependent Changes in Mechanotransduction
N-cad and Cx-43 were expressed in both Control-Day 0 and 14 groups and in both Hyper-Static and HypoStatic groups. Under Static Hyperosmolar conditions, N-cad was significantly downregulated and Cx-43 was significantly upregulated (Fig. 5 ). Condition and duration were significant sources of variation for N-cad expression (p < 0.05) with significant interaction present between variables (p < 0.05). On the other hand, condition, not duration, trended toward significant sources of variation for Cx-43 expression (Table 4 , p ¼ 0.09) with significant interaction present between variables (p < 0.05).
DISCUSSION
The loss of the highly gelatinous NC-rich NP has long been considered a key change in IVD biology. This open mechanobiology question is critically important because NCs are considered signaling centers that orchestrate IVD growth and maintenance and a source of NP progenitor cells. [30] [31] [32] [33] NCs and their soluble factors may also prevent painful IVD degeneration by stimulating GAG production in mature sNPCs and mesenchymal stem cells, 32, [34] [35] [36] [37] by preventing apoptosis, and/or by inhibiting neurite cell growth and angiogenesis. 36, [38] [39] [40] This work used a mouse whole IVD organ culture model and determined that static hyperosmotic loading was capable of inducing a transition of NCs to sNPCs and identified important osmoregulatory and mechanotransduction proteins involved in this process (Fig. 6) . The transition of NCs to sNPCs occurred via differentiation and not by replacement with an external cell source since notochordal markers persisted in sNPCs and there was no evidence for increased apoptosis in any group. No changes in apoptosis were evident, which also suggests that the culture conditions did not have a significant negative effect on cell viability. Aqp3 and TRPV4 were both affected by osmolarity changes indicating their role in NP cell osmoregulation, but only Aqp3 expression was significantly associated with NC to sNPC transition, indicating a potential osmoregulatory role for Aqp3 in this differentiation process. N-cad and Cx-43 were also affected by osmolarity. The Hyper-Static group which had increased sNPCs had increased expression of Cx-43 connexons while other groups which retained NCs had increased expression of N-cad.
Static hyperosmotic conditions in this study induced transition from NCs to sNPCs and caused GAG accumulation implicating osmotic overloading as a key factor in NC differentiation. The literature demonstrates that multiple physicochemical changes can result in the loss of NCs in IVD tissue including nutritional deprivation caused by endplate sclerosis, 10 mechanical loading or overloading 11, 12 and injury-induced sequelae culminating in a fibrocartilage phenotype. 41 These complex and multi-factorial processes that induce shifts from NCs to sNPCs can all influence GAG content or water content, so that osmolarity is also affected. NP vacuoles, a hallmark of NCs, have been proposed to act as osmometers themselves, as a bolus of hyperosmolar (550 mOsm/ l) media reduced and hypoosmolar (210 mOsm/l) media increased canine NP cell vacuole volume. 42 Our results are consistent insofar as hyperosmotic conditions resulted in a reduction of NCs and their vacuoles. One prior study suggested hyperosmotic culture conditions (400 mOsm/l) preserved NC phenotype, 43 which contrasts with this study. These differences may be attributed to our greater hyperosmotic conditions (550 vs. 400 mOsm/l) or other differences in culture conditions (organ vs. cell culture, DMEM vs. a-MEM) which prevent a direct comparison.
This study precisely controlled osmolarity and osmotic load durations using a mouse organ culture model. A mouse organ culture model was used since mice retain NCs throughout their lifetime 8 so that 
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observed shifts in NP cells can be attributed to the applied osmolarity changes rather than aging. Osmotic conditions vary within the NP, as loading changes over aging, exercise, and the diurnal cycle. The loading durations were chosen to approximately represent different conditions experienced by humans. Static (24 h/day) introduced sustained changes in IVD loading, intradiscal pressure, and intradiscal osmolarity, similar to what is experienced in growth, development, and aging. Burst (90 min/day) subjects the IVD to a brief daily period of sustained IVD loading to represent exercise. Cyclic (10 min on/off for 90 min/day) represents several brief periods of exertion akin to normal daily movement. Hyper-Static conditions, which subjected the IVD to a sustained hyperosmolar environment, induced NP cell differentiation. In humans, NCs disappear and are replaced by sNPCs within the first decade of life, 8 which is a period of rapid growth associated with increasing osmolarity due to increased GAG accumulation and muscle loading. As such, this NP cell differentiation is likely to be a healthy process associated with IVD growth rather than a pathologic degenerative change. The mouse NP cells and tissues under static hyperosmolar conditions were similar to cell and tissue morphology observed for a young human NP. In both species, some NP cells still had vacuoles and the NP was still hyper cellular, which is likely associated with the young ages, the short-term mouse organ culture duration, and the lack of steady-state conditions in the growing human. In contrast, NP cells did not differentiate from NCs to sNPCs under Burst or Cyclic osmotic durations, which are more representative of diurnal or short-term loading cycles, suggesting NCs were able to maintain osmotic homeostasis under short-term changes in loading conditions. This is a simplified model system to highlight the importance of osmolarity for NP cell differentiation, and while changes were similar to a single human IVD, it is clear that human NP cells undergo complex processes during growth and aging spanning long time periods, and likely involve interactions with additional cell types in vivo.
The literature presents two well-established models that explain NC disappearance and replacement by sNPCs. First, using NC markers (e.g., brachyury, sonic hedgehog, cytokeratins) and lineage tracing studies, NCs are thought to differentiate into sNPCs. 6, 7, 10, 11, 29, 31, [44] [45] [46] [47] [48] The second is a repopulation event where NCs die and are replaced with mesenchymally derived chondrocytes that migrate through the cartilage endplate to form a fibrocartilaginous NP structure. 10, 11, [49] [50] [51] In order to determine if sNPCs present in the Hyper-Static condition were derived from NCs, we performed immunohistochemistry for three markers (Ck8, Ck19, and Shh) of the notochordal cell lineage. 52 Both NC and sNPC cell types expressed all three notochordal markers (Fig. 3) without evidence for increased apoptosis (Supplemental Fig. S3 ), indicating that both NCs and sNPCs are of notochordal origin with the observed NC to sNPC transition resulting from NC differentiation. The evidence for NCs differentiation into sNPCs is further supported by this study since hyperosmolar loading in our organ culture model avoids tissue damage or systemic circulation which excludes exogenous cell sources. NC differentiation is also supported by findings showing a rapid loss of NC phenotype in 3D cell culture. 48 While both NCs and sNPCs are of notochordal origin, our study is limited in that we did not measure proliferation markers to identify if there was selective proliferation of a distinct sub-population of NCs during Hyper-Static conditions, which warrants future investigation. While the term "chondrocyte-like cell" is common in the literature, we use sNPC to describe the same cells because we believe it better connotes the growing evidence that these cells are of notochordal origin without suggesting they are of chondrocytic origin. We note that injury, repair, and degeneration in humans and in vivo animal models are complicated processes likely to involve migration of exogenous cells in addition to sNPCs that are differentiated from NCs.
NC differentiation to sNPC was hypothesized to involve changes in expression of the osmosensitive channels TRPV4, Apqs1, and 3. These three channels have distinct roles in intracellular osmoregulation and expression and activity of one channel can involve compensatory regulation by the other channels. We measured changes in channel expression, which is indicative of changes in the number of channels, although changes in the amount of activation can also affect the transport of osmolytes and water. 53 When the activity of existing channels does not adequately regulate intracellular osmolarity, cells can adapt by expressing more (or fewer) channels. Channel levels were generally maintained in conditions with lesser osmotic demands (e.g., hypoosmolar conditions), suggesting that these cells were able to effectively adapt to changes in osmolarity by transporting sufficient osmolytes/water by activating existing numbers of channels. Interestingly, Apq3 and TRPV4 expression levels were decreased under Cyclic conditions, suggesting relatively rapid changes in osmotic conditions may require fewer channels for maintaining homeostasis.
In this study, NC to sNPC differentiation was strongly correlated with increased Aqp3 expression, and TRPV4 and Aqp3 were both affected by osmotic changes and played osmoregulatory roles. Hyperosmolarity can result in cell shrinkage, membrane collapse, and increased osmotic stresses (Fig. 6) . Increased Aqp3 expression appeared to be sufficient to maintain intracellular osmolarity without NC phenotypic changes during acute shifts in osmolarity (e.g., BurstHyper conditions up-regulated Aqp3 without NC differentiation). While Aqp3 expression increased under Hyper-Static conditions, this was considered overloading since it did not appear to be sufficient to maintain intracellular osmolarity and cellular differentiation occurred from NCs to sNPCs. The associated increase in GAG accumulation under this condition may be another compensatory cellular response to balance increased external hyperosmotic overloading with increased extracellular matrix fixed charge density. Our results suggest Aqp3 and TRPV4 may be important osmoregulators in the IVD, and Aqp3 is a possible osmoregulatory channel regulating NC differentiation to sNPCs. Previous studies have shown Aqp3 expression decreases with IVD aging and degeneration. [23] [24] [25] Thus, Aqp3 may be important for osmoregulation in the healthy, highly-hydrated IVDs with vacuolated NCs, and its function and therefore expression may be less important in degenerated or aged IVDs. The decrease may be due to reduced need for osmoregulation due to the known age-associated decrease in IVD water content or because of direct cellular changes that occur with aging and degeneration. Future mechanistic studies would help confirm the regulatory roles of these channels in NP cell maturation.
We hypothesized that osmolarity-dependent differentiation of NCs to sNPCs would involve adaptation of mechanotransduction mechanisms, and this differentiation was found to be associated with significantly 
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decreased N-cad and a trend of increased Cx-43 (Table  4) . N-cad and Cx-43 are both expressed in the IVD and have both been shown to be involved in mechanotransduction in various other tissues. 54, 55 Most osmotic conditions retained large NC clusters in a highly gelatinous matrix and high amounts of N-cad staining, which is likely to be similar to the soft substrates shown by Hwang et al., 26 to be necessary for NC cluster formation. Since N-cad interactions with b-catenin was a proposed mechanism regulating NP cell phenotype, 27 our results suggest that the loss of N-cad and increased GAG accumulation together result in an increased cell-matrix stiffness that contribute to loss of the NC phenotype.
The reduced N-cad connections of sNPCs likely required alternative modes of cell-cell communication, and our results suggested this compensation involved increased Cx-43 expression. Connexins are a family of structurally related trans-membrane proteins that allow passage of small molecules from one cell to another either by assembling to create gap-junctions for direct cell-to-cell communication or by functioning as standalone transmembrane channels, or connexons, that allow intercellular communications through processes in the pericellular space. 54 NP cell-cell communications are known to occur with functional Cx-43 positive gap junctions, 28 and we infer that the trend of increased Cx-43 expression in static hyperosmolar conditions suggested a shift toward intercellular standalone transmembrane connexon channels for communication in sNPCs.
The osmolarity of the culture media was carefully controlled, yet the osmotic environment of the NP was not directly controlled or measured. The NP may have spatiotemporal osmotic gradients upon rapid changes to the culture media, and NP osmolarity may not have fully equilibrated for cyclic or burst groups. Additionally, it is possible that sucrose did not diffuse fully into the IVD, which may have resulted in an intradiscal osmotic environment different from the culture media. However, the largest NP cell maturation effects were seen for Hyper-Static conditions, demonstrating the NP experienced changes in extracellular osmolarity compared to controls. Osmotic and hydrostatic pressure conditions interact for confined tissues, 56 and the NP may have experienced changes in intradiscal pressurization when exposed to hyper-or hypoosmolar conditions due to changes in NP swelling within the IVD, yet these hydrostatic pressures are expected to be relatively small for the isolated IVD organs without rigid confinement or loading from external musculature. A direct measurement of intradiscal osmolarities and pressures may help quantify the dose response of the observed effects, yet are challenging for small mouse IVD tissues and we believe unlikely to change the main findings that osmolarity influences NP cell maturation.
In conclusion, NCs are very sensitive to microenvironmental stimuli with static hyperosmotic overloading leading to NC to sNPC differentiation and GAG accumulation. Differentiation was implicated since NCs and sNPCs both expressed notochordal-specific markers without evidence for increased apoptosis. Apq3 was highly associated with NP cell differentiation for static conditions, and TRPV4 was another osmoregulatory protein associated with transition to a sNPC cell population in the NP. Finally, functional mechanotransduction changes during NC maturation involved reduced direct cell-cell N-cad-positive adhesions and increased Cx-43-positive connexins. We conclude that NP cells can adapt to osmolarity changes by altering osmoregulatory proteins, mechanotransduction proteins, and GAG synthesis, and that osmotic overloading can induce substantial phenotypic changes including differentiation from NCs to sNPCs.
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